Introduction
The developing Drosophila eye is well suited for studying the mechanisms that underlie the formation of a complex structure from a simple unpatterned epithelium, the eye disc. A highly orchestrated series of events, which include regulation of cell division, pattern formation, differentiation, and cell death, transforms the unpatterned epithelium into an ordered array of approximately 800 ommatidia that form the adult retina. The eye disc forms from a few ectodermal cells that invaginate during mid-embryogenesis (Poulson, 1950) . Until the third larval instar, the eye disc remains a simple unpatterned epithelium. Retinal pattern formation begins in mid-third instar larvae, in the morphogenetic furrow (MF), which sweeps across the eye disc from posterior to anterior in approximately 2 days (Ready et al., 1976; Tomlinson and Ready, 1987a) . The MF is a dorsoventral indentation that results from contraction of the apical-basal dimension of cells. In addition, cells in the MF have greatly reduced apical surfaces (Wolff and Ready, 1991a) . Cells located anterior to the MF are actively dividing and appear completely unpatterned; cells posterior to the MF assemble into ommatidia in a stepwise process (for reviews see Tomlinson, 1988; Ready, 1989; Banerjee and Zipursky, 1990 ). Thus, the furrow is a transient change in the shape of retinal epithelial cells: it follows temporally an inhibition of cell division, it coincides with the first signs of pattern formation, and it precedes ommatidial assembly and differentiation. Owing to the asynchronous nature of eye development, all of these developmental stages are laid out spatially and can be observed simultaneously in a single eye disc. The mechanisms that mediate movement of the furrow across the eye disc are the focus of this paper.
Two different, but nonexclusive, mechanisms have been proposed to explain the advance of the MF. First, cells in the furrow could act as an inductive front that uses the pattern established posterior to the furrow as a template onto which new elements are incorporated. In this model, the information necessary for the anterior progression of morphogenesis is thought to be provided by cells located in or posterior to the MF. This hypothesis, based primarily on the lack of cell lineage restrictions in the retina and the observed pattern of ommatidial assembly just posterior to the furrow, was first suggested by Ready et al. (1976) . Second, the furrow and subsequent pattern formation could be the consequence of a developmental program already mapped onto the disc and in progress anterior to the MF. This hypothesis, proposed by Lebovitz and Ready (1986) , is supported by a series of transplantation experiments; eye disc fragments from which the MF and the patterned posterior disc region had been removed were able to generate ommatidia after culture in larval hosts.
In this paper we have taken several approaches to studying the mechanisms and the molecules involved in progression of the MF. Our findings suggest that the segment polarity gene hedgehog (hh; Niisslein-Volhard and Wieschaus, 1980 ) and the transforming growth factor 8 (TGFP) homolog decapentaplegic (dpp; Spencer et al., 1982; Padgett et al., 1987) play central roles in mediating cell-cell communication required for MF progression. Analysis of hh and dpp genetic mosaics revealed that their action is nonautonomous in the eye and that loss of function leads to a failure in morphogenesis. Expression of dpp in the MF is abolished in mutants that disrupt the progression of the MF; suppression of this phenotype by the dominant mutation Rough eye (RoI) coincides with restoration of dpp expression. If differentiation of photoreceptor cells is inhibited by loss of Star function, expression of hh posterior to the MF and dpp in the MF is abolished. We propose that expression of hh by differentiating photoreceptor cells posterior to the MF is required for expression of dpp in the MF and, consequently, for the progression of the furrow across the eye disc.
Results and Discussion
Mutations That Interfere with the Advance of the MF To gain insight into the mechanisms of MF movement and its relationship to the closely linked events of pattern formation and ommatidial differentiation, we analyzed a se- (E and F) Equatorial regions of eye discs from late third instar larvae stained with cobalt sulfide. Posterior is to the right. (E) Wild type. Cells in the MF (vertical arrow) display reduced apical projections. Anterior to the MF, the epithelium appears unpatterned; posterior to the MF, cells assemble into ommatidial clusters. (F) ro OoM/+. The MF (vertical arrow), which had stopped approximately 12 hr earlier, is observed adjacent to relatively mature ommatidia (arrow). These more mature ommatidia are normally observed several rows posterior to the MF (compare with ommatidium, indicated by an arrow in [El) . In addition, the apical projections of cells in the stopped MF of ro DoM/+ appear to be larger than those observed in the MF of wild-type discs. (G and Ii) Eye discs stained with the neural-specific MAb SP104. (G) Wild type. Ceils posterior to the MF (vertical arrow) become BP104-positive as they are incorporated into ommatidia; near the MF, staining is observed in three presumptive photoreceptor cells (arrowhead), whereas in more posterior regions, staining is observed in all eight developing photoreceptors (arrow). (H) ro w"I+. Ommatidia located just posterior to the stopped MF (vertical arrow) contain eight BPlOCpositive cells (arrow), indicating that the furrow in this particular eye disc had stopped at least 12 hr earlier ries of mutants in which the furrow fails to complete its progression across the eye disc, resulting in an adult eye that is reduced in size (Figure 1 ). We described previously the ectopic expression of the homeobox gene rough in flies carrying a heat-inducible rough gene (hs-ro flies) that causes an arrest in morphogenesis, resulting in flies missing portions of the anterior eye (Kimmel et al., 1990) . Similarly, a recently isolated dominant allele of rough (roDOM; see Experimental Procedures), in which rough is ectopitally expressed anterior to the MF, results in a reduced eye phenotype (Figure 16 ). Several existing mutants have analogous phenotypes: hh', a viable recessive allele of hh (Figure 1 C; Mohler, 1988) , and the dominant mutations Bar ( Figure 1D ) and Drop (data not shown).
The development of the eye phenotype of these mutants was analyzed by staining eye discs from third instar larvae with cobalt sulfide (Figures 1 E and 1 F) was induced in first instar larvae. Mosaic late third instar larvae are subjected to heat shocks at 12 hr intervals for 2 days, a treatment that causes the MF to stop irreversibly owing to ectopic expression of rough. If the MF IS crossing a non-rough-expressing (unshaded) clone at the time the heat treatments are initiated, one of the following adult phenotypes might be expected: if the effect of hs-ro IS autonomous, non-rough-expressing cells (unshaded area) will continue to develop in the presence of ectopic rough, while the hs-ro (shaded) tissue will be prevented from doing so (Bi). If the effect of hs-ro is nonautonomous, 1 of 2 potential phenotypes are expected: if ectopic rough induces a diffusible molecule that prevents MF progression, this inhibitor may repress the advance of the MF in the non-rough-expressing clone (82); alternatively, if ectopic rough represses the expression of a diffusible molecule normally required for MF progression, cells in the non-rough-expressing clone might rescue surroundinghs-rotissue by providing the diffusible molecule (83). (C and D) Both eyes of a fly carrying a wild-type clone in a hs-ro background and subjected to multiple heat shocks as described above. The left eye (C) contains a large non-roughexpressing clone. The position at which eye development would have stopped in the absence of this clone, inferred from the size of the right eye (D), is marked by arrows. Many hs-ro ommatidia surrounding the non-roughexpressing clone (to the left of the arrows) developed in the presence of ectopic rough, consistent with the nonautonomous model illustrated in 83 of (B). (E) Tangential section through a mosaic eye similar to that shown in (C). The non-roughexpressing clone (outlined by white arrowheads) is recognized by the absence of pigment. The scar (arrow) indicates the position where eye development would have stopped in the absence of the clone of non-roughexpressing cells (see Kimmel et al., 1990) . Several pigmented hs-ro ommatidia developed anterior to the scar adjacent to the clone (to the left of the scar). Posterior is to the right, with the exception of(D) in which posterior is to the left.
ommatidia. The neural-specific monoclonal antibody (MAb) BP104 (Hortsch et al., 1990) (Figures 1G and 1H ) was used to observe neuronal differentiation. In roDoM eye discs, the MF, identified by the reduced apical projection displayed by cells located in it, was observed just anterior to mature ommatidia (Figure 1 F) , some of which contain a full complement of BPlOCpositive photoreceptor cells (Figure 1 H) . Such mature ommatidia are normally located 6-8 rows more posterior (Figures 1 E and 1 G) , indicating that in the mutant the furrow had stopped several hours prior to dissection. Thus, ommatidia that started differentiating prior to the time when the MF stopped continued to develop normally. Curiously, the furrow stopped unevenly; it first stopped near the equator and then gradually in more lateral regions of the eye disc (Figure lH) , resulting in kidney-shaped adult eyes (Figures 1 B-1 D) . Results similar to those shown for roDoM eye discs were observed with hh', Bar, and Drop"" (data not shown). We have collectively called these mutants furrow-stop mutants. A feature that distinguishes them from other mutants with eyeless or reduced eye phenotypes, such as Lobe (see Figures  3E and 5E ), eyeless-dominant (Renfranz and Benzer, 1989 ) and eyegone (data not shown), is that the eye discs appear normal in size at the time when the furrow has stopped. This suggests that the eye phenotypes that we are analyzing are not the primary consequence of a general failure in cell proliferation or excessive cell death, but rather are a specific defect in subsequent morphogenetic events.
Inhibition of the MF Is Nonautonomous
To determine whether stopping of the furrow involved cell autonomous or nonautonomous mechanisms, we carried out genetic mosaic studies. We used ectopic rough expression, induced by multiple heat shocks of hs-ro flies, to inhibit movement of the furrow (Figure 2 ; see Experimental Procedures). We then asked what effect the presence of a clone of cells that lack the hs-ro transgene (marked with white-[w-l), and therefore could not express rough ectopitally (referred to as non-rough expressing), would have on the differentiation of surrounding hs-ro tissue (marked with w') ( Figures 2A and 2B ). If stopping of the furrow is autonomous, we expect that ommatidia in the non-rooghexpressing clone (w) would continue to differentiate, while the surrounding cells (hs-ro, w+) would be inhibited from doing so by ectopic rough expression. If the process is nonautonomous, 1 of 2 outcomes would be expected. If ectopic rough expression induces a diffusible inhibitor of furrow movement, the non-rough-expressing (w) clone would be partly or completely prevented from differentiating, resulting in adult eyes in which the w clones do not extend significantly beyond the position at which the furrow stopped. Alternatively, if ectopic rough expression inhibits a diffusible signal that is necessary for furrow movement, non-rough-expressing tissue in the clone might rescue surrounding hs-ro (w+) ommatidia from the inhibition imposed by ectopic rough. Figures 2C and 2D show both eyes of an hs-ro fly; the left eye contains a large clone of non-rough-expressing cells ( Figure 2C ) and the right eye ( Figure 2D ) serves as a control to establish the position of the furrow at the time when heat shock treatments were initiated. The hs-ro (w') ommatidia that surround w clones were rescued from the block in differentiation induced by ectopic rough ( Figure 2C ). Analysis of sections from mosaic eyes revealed that the hs-ro region that developed adjacent to the clone in the presence of ectopic rough was 2-5 ommatidia wide ( Figure 2E ). These data suggest that normal cells express a diffusible signal required for MF movement and that ectopic rough inhibits the expression of this signal.
dpp Expression in the MF Is Abolished in Furrow-Stop Mutants A good candidate for mediating the nonautonomous effects described above is the dpp protein, a member of the TGF8 family (Padgett et al., 1987) . Dpp is known to act nonautonomously (Bryant, 1988; Posakony et al., 1991) , it is expressed in the MF (Masucci et al., 1990; Blackman et al., 1991; Figure 3) , and some viable dpp alleles display reduced eye phenotypes (Spencer et al., 1982) . To ask whether altered expression of dpp in furrow-stop mutants might be the cause of the arrest in morphogenesis, we generated flies that carry a disc-specific dpp enhancer fused to the bacterial /acZ gene (dpp-/acZ; Blackman et al., 1991) in the appropriate mutant background. Expression of the dpp-/acZ construct, visualized by histochemical detection of 8-galactosidase, closely mimics the normal distribution of dpp mRNA in imaginal discs (Blackman et al., 1991) . The expression of dpp-/acZ in the MF was abolished in rooDoM ( Figure 3C ), hh' ( Figure 3D ), Bar, and Drop (data not shown) late third instar larvae at a time when the furrow had been stopped for approximately 12-24 hr. Analysis of eye discs from younger roDoM third instar larvae revealed that 8-galactosidase expression was abolished first near the equator ( Figure 36 ) thus closely paralleling the inhibition of furrow progression both temporally and spatially. As a control, we assayed dpp-/acZ expression in the mutant Lobe (see Figure 5E ) in which the adult reduced eye phenotype is caused by a severe size reduction of the eye disc such that there is little tissue over which the MF can progress. Normal levels of dpp-/acZ expression were observed in all third instar Lobe eye discs analyzed ( Figure 3E ), suggesting that loss of dpp expression in furrow-stop mutants is not a consequence of the absence of MF movement, but possibly its cause.
A single pulse of heat-induced ectopic rough expression administered to middle to late third instar hs-ro larvae reversibly stops the MF for 30-32 hr (Kimmel et al., 1990) . As expected, this treatment abolished dppdriven f3-galactosidase (dpp-/acZ) expression in the MF ( Figure 3F ). To establish further a causal relationship between furrow movement and dpp expression, we stained hs-ro eye discs at various times after a single heat pulse: expression of 6-galactosidase was inhibited after 12 hr ( Figure 3F ), partially restored after 20 hr ( Figure 3G ), and completely restored after 26 hr ( Figure 3H ). The furrow had not obviously resumed its progression across the eye disc at the time when dpp-/acZ expression had been restored (24-26 hr after heat shock). Thus, full restoration of dpp-/acZ ex- Eye discs from wild-type (A) and mutant (B-J) larvae carrying a dpp enhancer fused to lacZ (Blackman et al., 1991) were stained for b-gatactosidase activity. The position of the MF is indicated by arrows. (A) Expression of dpp-IacZ is restricted to the MF in wild-type late third instar larvae. (BandC)dpp-/acZexpression inro*V+larvae is still present in eye discs from young mid-third instar larvae(B), but is abolished in older larvae (C). Expression is first inhibited near the equator (arrowhead in ]B]) and later in more lateral eye regions. (D) The inhibition of dpp-/acZ expression in hh'lhh' larvae follows a similar pattern to that observed in roDoMl+. (E) Expression of dpp-/acZ in eye-antenna1 disc complexes from a late third instar Lobe larva is quantitatively normal, although the size of the eye discs is severely reduced. The MF, visible with Nomarski optics, is still positioned at the posterior edge of the disc and has presumably not advanced because of the lack of tissue anterior to it. The expressivity of Lobe is variable; in larvae with larger eye discs, a normal MFand itsassociated dpp-IacZexpression were observed (data not shown), indicating that Lobe does not directly affect MF progression (F-J) Expression of dpp-/acZ in the MF of eye discs from hs-ro larvae at different times after a single heat shock has stopped the progression of the MF. Expression is nearly abolished 12 hr after heat shock (F), partially recovered after 20 hr (G), and completely restored after 26 hr (H). The MF does not obviously resume itsanterior progression until 30-32 hr after heat shock (Kimmel et al., 1990) . The loss of dpp expression in the MF of hero larvae 12 hr after heat shock was confirmed by in situ hybridization with a dpp cDNA (data not shown). Highly refractive dying cells (arrowhead in [I] ) are observed with Nomarski optics surrounding the stopped MF in romMI+ larvae (I) and in hs-ro larvae 12 hr after the MF had stopped(J). Similar results were obtained when staining with acridine orange was used to visualize cell death (data not shown). Posterior is to the right. pression in the MF preceded the obvious resumption of 1972; Wyllie et al., 1980) were observed in regions antefurrow movement across the eye disc by at least 4 hr, rior and posterior to the stopped MF. In roDoM discs, dying supporting the hypothesis that dpp expression is required cells were first observed near the equator (Figure 31 ) for furrow progression.
spreading gradually to more lateral disc regions. In hs-ro A large increase in the number of dying cells was obdiscs, cell death was first observed 8 hr after heat shock served in eye discs from furrow-stop mutants. Highly conand was maximal after 12 hr ( Figure 3J ). Similar results densed refractive cells, typical of apoptosis (Kerr et al., were obtained with eye discs from Bar (Fristrom, 1968) , hh', and Dropflies(data not shown). The initial appearance of dying cells in all mutantsanalyzedfollowed the inhibition of furrow movement, both spatially and temporally, byseveral hours, suggesting that cell death is the consequence of the failure in morphogenesis. Extensive cell death is also observed in eye discs from larvae carrying various alleles of dpp (Bryant, 1988; Masucci et al., 1990) .
In summary, our data show that dpp expression (measured as @p-driven 8-galactosidase expression) is abolished by all mutations that appear to affect specifically the ability of the MF to progress across the eye disc. In addition, it appears that loss of dpp expression is the cause rather than the consequence of the failure in morphogenesis.
may result in an obvious phenotype because there are fewer dpp-expressing wild-type cells in the posterior disc to rescue the defect.
Our data show that dpp function is nonautonomous during eye development, as has been described for wing development (Posakony et al., 1991) . The phenotypes we observe with homozygous dpp56clones, together with the known dpp expression pattern in the MF (Masucci et al., 1990; Blackman et al., 1991) , are consistent with the hypothesis that dpp plays a critical role in the morphogenetic events that precede the assembly and differentiation of ommatidia in the eye disc.
The Dominant Mutation Roi Suppresses Furrow-Stop Mutations and Restores dpp Clones Display Nonautonomous Phenotypes dpp Expression Consistent with a Role in Furrow Movement
As a first step to finding other genes potentially involved We have described the loss of dpp expression that paralin MF movement, we screened a collection of large chrolels the inhibition of furrow progression in furrow-stop mumosomal deletions for their ability to modify the phenotype tants To analyze directly the role of dpp in eye morphogenof one of the furrow-stop mutants, roDoM. Several deletions esis, we analyzed the eye phenotype of clones of cells acted as either enhancers or suppressors of rogDoM. Curihomozygous for several embryonic lethal dpp alleles ously, we observed that chromosomes carrying the Roi (dpphrs6, dpphr4, and dpphR7; Irish and Gelbart, 1987; mutation completely suppressed the reduced eye phenoJohnston et al., 1990) in genetically mosaic flies. Using type of ro DO"( Figure 5B ). Roiis adominant gain-of-function the FLP/FRT recombination system (Golic and Lindquist, mutation that causes a strong rough eye phenotype (Fig-1989; Golic, 1991; Xu and Rubin, 1993) we generated ure 5A; Renfranz and Benzer, 1989) ; the structure of most clones during the first larval instar and analyzed the phenoadult ommatidia is aberrant, containing too few or too type in adult eyes (see Experimental Procedures). Few many photoreceptor cells ( Figure 5G ). The phenotype adult mosaic flies were recovered, particularly with dpphrz7, arises early in the ommatidial assembly process; eye discs presumably owing to the deleterious effects of homozystained with the neural-specific MAb BP104 (Hortsch et gous dpp clones in other tissues. In addition to the eye al., 1990) displayed defects in the initial ommatidial spacphenotypes described below, we recovered many mosaic ing near the furrow, as well as numerous defects in later flies displaying gross deformations of the thorax, wings, phases of development (data not shown; Renfranz and and legs. The phenotype of homozygous dpPs6 clones in Benzer, 1989) . In addition to roDoM, Roi completely supthe eye varied depending on the size and position of the pressed the eye phenotype of hs-ro flies raised in the presclone. Small clones (up to approximately20 mutant ommaence of heat shock ( Figure 5C ) and partially suppressed tidia) were always phenotypically wild type, presumably the eye phenotype of hh' (Figure 5D ), Bar (Lindsley and because their small size permitted them to be phenotypiZimm, 1992) and Drop flies (data not shown). The phenotally rescued by dpp secreted by surrounding wild type type of doubly heterozygous flies closely resembled the tissue. Larger phenotypically wild-type clones were also phenotype of Roi (Figures 58,5C , and 5H), with the excep observed in the anterior eye ( Figure 4A ). Large clones tion of hh', in which a reciprocal suppression was obtained were rarely observed in the posterior eye because cells between hh' and Roi (Figures 5D and 51 ; see legend to in the posterior eye disc undergo fewer cell divisions prior Figure 5 ). Roi did not suppress other reduced eye mutants to their terminal differentiation. However, at a low fresuch as Lobe ( Figures 5E and 5F ) and eye gone (data quency (approximately 10 cases in 800 mosaic individunot shown), suggesting a specific effect on furrow-stop als), we observed mosaic eyes of reduced size ( Figure  mutants . This observation further strengthens our belief 4C) or in which large parts of the posterior-lateral eye that a common mechanism causes the phenotype of all were missing ( Figures 48 and 4D) ; dpphr56/dpphr56 (w-/w-) furrow-stop mutants. The genetic interactions observed ommatidia were always observed surrounding this area, were clearly due to the Roimutation, as ethyl methansulfosuggesting that the missing eye regions corresponded to nate-induced revertants of Roi failed to suppress furrowmutant tissue.
Large dpp clones in the posterior eye disc stop mutations (data not shown). We have shown that in all furrow-stop mutants, expression of dpp in the MF is abolished. To understand the basis of the suppression of these mutants by Roi, we analyzed the expression of @p-driven 8-galactosidase (dpp-la@ in some double mutant combinations. Expression of dpp-/acZ, which is normal in Roi eye discs ( Figure 5J ), was restored in eye discs from flies doubly heterozygous for Roi and either roDoM ( Figure 5L) , Bar, or hh'lhh' (data not shown). Thus, Roi was able to overcome the inhibition of dpp expression observed in furrow-stop mutants and restore the progression of morphogenesis.
Inhibition of Photoreceptor Differentiation Posterior to the Furrow Alters Its Normal Progression
The data presented thus far show that dpp plays a central role in eye disc morphogenesis. First, expression of dpp in the MF closely correlates with the ability of the furrow to traverse the eye disc, and, second, the mutant phenotypes of homozygous dpp clones are consistent with their requirement for furrow movement. We next addressed the question of the direction of the driving force that moves the furrow and its associated dpp expression across the eye disc. One possibility is that developing ommatidia posterior to the MF induce a signal(s) that pushes the furrow anteriorly across the epithelium. Alternatively, cells anterior to the MF may provide signals for cells located more posteriorly, inducing them to initiate morphogenesis, pattern formation, and differentiation. We addressed these possibilities directly by disrupting differentiation posterior to the MF and determining its effects on the expression of dpp and other genes normally expressed in or anterior to the MF. homozygous mutant Star (S/S) clones in developing eye discs (see Experimental Procedures) and analyzed their effect on the MF and on the expression of dpp and scabrous (sea; Baker et al., 1990; (Figure  6 ). To ask whether dpp expression was dependent upon differentiation posterior to the MF, we generated S/S clones in larvae carrying thedpp-/acZconstruct.
Late third instar eye discs were stained for 8-galactosidase activity; S/S clones were identified by the presence of patches of highly refractive dying cells (Heberlein et al., 1993) . dpp-/acZ expression was clearly inhibited near S/S clones. In addition, the MF was slightly delayed near all S/S clones analyzed ( Figure 6A ).
Inhibition of differentiation was achieved by removing Star function. The Star gene is specifically required during the initial phases of ommatidial differentiation posterior to the MF (Heberlein et al., 1993) . Loss of Star function, analyzed in mosaic animals owing to the associated embryonic lethality, results in a failure of presumptive photoreceptor cells to differentiate neuronally. Consequently, ommatidial cells die, and prominent scars are observed in the adult eye. Star function, in contrast with dpp, is required autonomously for the differentiation of a subset of photoreceptors just posterior to the MF (Heberlein and Rubin, 1991; Heberlein et al., 1993) . Thus, any effect of Sfaron the furrow would have to be indirect. We generated Similar results were observed in mosaic eye discs doubly stained with antibodies against sea and the neuralspecific antigen BP104. S/S clones were recognized by their aberrant neuronal differentiation (Heberlein et al., 1993 ; Figure 6B ). sea is normally expressed in the furrow, including its anterior edge (Baker et al., 1990; and is required for proper ommatidial spacing but not for furrow progression (Baker et al., 1990) . Expression of sea was aberrant near S/S clones; the onset of expression was delayed, and the normal pattern was disrupted ( Figure 6B ). These data show that Sfaf, although expressed just posterior to the furrow (Heberlein et al., 1993) affected the expression of genes in more anterior regions (see Figure 8A for a schematic). More importantly, the progression of the furrow in or near S-IS clones was delayed relative to wild-type regions of the eye disc. This delay on its own is unlikely to cause a disruption in eye development, as dpp clones of similar size are phenotypitally wild type. We believe that the furrow does not come to a halt in S/S-clones owing to rescue by dpp diffusing from adjacent cells. However, the results with Starsuggest that in the absence of pattern formation and differentiation posterior to the MF, the furrow would not progress across the eye disc (see below).
hh Expression in Differentiating Photoreceptors Is Required for MF Progression We have shown that Star, although autonomously required for the differentiation of a subset of photoreceptor cells posterior to the MF, acts nonautonomously in mediating the normal progression of the MF. Star encodes a putative transmembrane protein (Kolodkin et al., submitted) and is unlikely to act as a diffusible factor. Thus, Star may act Figure 1B ) and hs-ro (C) flies is completely suppressed by Roi. The Roi/hs-ro larvae and early pupae were raised under heat shock conditions that generate an eyeless phenotype in +/hs-ro siblings (Kimmel et al., 1990 ; data not shown). The Lobe mutation was not affected by Roi (E and F). The internal eye phenotype of Roi/+; romM/+ (H) and Roi/hs-ro (data not shown) adult eyes is indistinguishable from Roi (G). (Baker et al., 1990) . In or near the S/S clone, the onset of sea expression is delayed (horizontal arrow), and the normal pattern of expression is disrupted. The domains of BP1 04 and sea expression are indicated. indirectly by permitting differentiation of cells that express a diffusible signal, which in turn induces expression of dpp and furrow progression. A good candidate for this signal is hh. We have shown that cfpp expression was abolished in eye discs from hh' flies (see Figure 3D ), suggesting that hh is required for normal expression of dpp in the MF. In addition, expression of dpp and MF movement are impaired in or near S/S-clones. Thus, if hh mediates the posterior to anterior information flow between differentiating photoreceptors and dpp, hh expression should be dependent upon Star function. To test this directly, we generated S/S clones in larvae carrying an enhancer trap insertion in the hh gene (see Experimental Procedures). We found that hh expression was abolished in or near S/S clones, which were identified by the presence of dying cells ( Figure 6C ). hh expression, judged by the expression of B-galactosidase in several enhancer trap insertions, starts several rows posterior to the MF (Figures 6C and 6D ; Lee et al., 1992; Ma et al., 1993 [this issue of Cc/d). Thus, hh must act on cells located anterior to its expression domain, implying that its function may be nonautonomous in the eye. To test this directly, we analyzed the effect of loss of hh function in mosaic eyes (Figure 7) . Although the viable partial loss-offunction hh'allele affects furrow progression, most hh-lhhclones analyzed were phenotypically wild type. A subtle phenotype was observed in large hh-lhh-clones located in the anterior of the eye; although the great majority of ommatidia were constructed properly, their general organization was slightly disrupted ( Figure 7A ). This phenotype, which is more pronounced near the center of clones, could be the consequence of aberrant ommatidial spacing caused by a delay in MF progression. At a low frequency (approximately 1 O/o), we observed mosaic eyes with obvious defects, such as missing eye regions ( Figure 7B ; also see Ma et al., 1993) . We believe that these defects are caused by large hh-lhh-clones that fail to be rescued by surrounding wild-type tissue. Thus, function of hh is nonautonomous in the eye, an observation that is consistent with its previously reported nonautonomy during development of other imaginal disc-derived structures (Mohler, 1988) . In addition, the phenotypes observed with dpp and hh clones are very similar, arguing that both genes may be involved in the same process.
Our data suggest a simple model in which differentiating ommatidial cells posterior to the MF produce hh protein that diffuses anteriorly and mediates the induction of dpp expression in the MF and subsequent progression of the furrow across the eye disc. In this model, any block in the differentiation of ommatidial cells, such as that caused by the lack of Star function, might be expected to prevent hh production and thus stop MF progression. An apparent contradiction to this model is presented by the Ellipse (EgfF") mutation, a dominant mutation in the Drosophila epidermal growth factor receptor homolog (Baker and Flubin, 1989) . Ommatidial assembly and differentiation are severely inhibited in eye discs from larvae homozygous for Ellipse(Egf~'p/Egf~'P). Nevertheless, the MFdoes progress across the eye disc (Baker and Rubin, 1992) , and expression of dpp-/acZ in the MF is relatively normal in EgfPl EgfF eye discs (see Figure 6E) . Thus, the EgfPP mutation appears to uncouple the requirement of differentiation posterior to the MF from the expression of dpp in the MF and its ability to progress across the disc. However, movement of the furrow in EgfrWEgfP eye discs still appears to depend on hh function: EgfPl+; hh/+ flies have very reduced eyes, while the eyes of flies heterozygous for either gene alone are normal in size (data not shown).
Concluding Remarks
We are interested in investigating the mechanisms by which positional information is generated and propagated across the developing eye epithelium. The MF marks the front edge of morphogenesis and coincides with the first obvious manifestations of pattern formation. We show that progression of the MF is mediated by genes, such as dpp and hh, that function in highly nonautonomous ways. This observation is consistent with our finding that progression of the MF itself is mediated by a nonautonomous mechanism. In addition, we show that inhibition of ommatidial differentiation posterior to the MF interferes with its anterior progression. We propose that proper differentiation and normal hh expression posterior to the MF are required for the expression of dpp in the MF and, consequently, the progression of the morphogenetic wave.
The dpp protein, a member of the TGFP superfamily, plays multiple roles during development (for reviews see Gelbart, 1989; Hoffman, 1992) . Our data suggest that dpp plays a central role in propagating the morphogenetic wave across the eye disc. First, we find that expression of dpp, normally restricted to the MF (Masucci et al., 1990; Blackman et al., 1991) , is abolished in mutants in which the anterior progression of the MF is disrupted. Second, restoration of dpp expression correlates with restoration of morphogenesis in eye discs from he-ro larvae subjected to a single heat shock and in eye discs from furrow-stop mutants suppressed by Roi. Third, the phenotype of homozygous mutant dpp tissue in mosaic eyes is consistent with its proposed role in positional signaling. In the embryo, dpp protein has been shown to be secreted and to induce specific patterns of gene expression in adjacent tissues lmmergliick et al., 1990; Reuter et al., 1990) . Similarly, dpp may diffuse from the MF, assuring its forward propagation.
Our analysisof hh function in eye development, together with the observations of others, reveals its essential signaling role in eye disc morphogenesis. First, the viable hypomorphic allele hh' causes a reduced eye phenotype owing to a premature halt in the progression of the MF; temperature-sensitive alleles of hh display a similar phenotype when shifted to the restrictive temperature during the late third instar larval period (Mohler, 1988; Ma et al., 1993) . Second, the phenotype of homozygous mutant hh clones is nonautonomous; only large clones display a phenotype that is consistent with a role for hh in eye morphogenesis. hh expression, inferred from the expression of several independent enhancer trap insertions (Lee et al., 1992 ; see Figure 6D ), does not start until several rows posterior to the MF. Thus, hh mediates events that occur anterior to its expression domain. The sequence of the hh protein suggests that it is secreted (Lee et al., 1992; Mohler and Vani, 1992; Tabataet al., 1992; Tashiro et al., 1993) , which is consistent with its nonautonomous genetic behavior. The evidence discussed above suggests a mechanism that involves the transmission of positional information from the more mature posterior areas of the eye disc to the undifferentiated anterior regions. A model that includes all of our observations is diagrammed in Figure 8B . In brief, differentiating cells posterior to the MF express hh; hh mediates a diffusible signal that acts on cells located more anteriorly, resulting in expression of dpp in the MF; dpp mediates, directly or indirectly, progression of the MF across the eye disc. Mutations that stop progression of the MF (hs-ro, roDoM, /3ar) could block the signaling cascade at several points; interference with differentiation, hh function, or dpp expression would all result in the same final outcome, an inhibition of morphogenesis. Specific suppression of this phenotype by Roicould be achieved either by interference with the inhibitory effect of furrow-stop mutations or by a direct activation of hh function or dpp expression. The model presented is only meant to summarize our findings regarding the directionality of informational flow during eye disc development; it is clearly an oversimplification of a very complex process. As in the eye disc, the domains of expression of hh and dpp in developing wing and leg discs are adjacent; hh is expressed in the posterior compartment (Lee et al., 1992; Tashiro et al., 1993) whereas dpp is expressed in a stripe just anterior to the compartment boundary (Masucci et al., 1990; Blackman et al., 1991; Posakony et al., 1991) . Thus, although the development of the eye is quite different from that of the other imaginal discs (Bryant, 1978; Whittle, 1990; Wilkins and Gubb, 1991; Couso et al., 1993 ) the molecular mechanisms underlying positional signaling may be similar.
The eye disc fragment transplantation experiment of Lebovitz and Ready (1986) clearly showed that cells anterior to the MF are committed to develop as retina and that the anterior-posterior axis of the eye disc may already have been established at a considerable distance anterior to the MF. In agreement with these findings is the recent observation that several genes (hairy [Brown et al., 19911; string [Alphey et al., 19921 ; and eyes absent [Bonini et al., 19931) are expressed in spatially restricted regions anterior to the MF. The question we addressed in this paper is not whether cells anterior to the furrow have already acquired positional information, but rather where the information came from. Based on the data presented, we conclude that cells posterior to the MF provide information that is transmitted nonautonomously to cells located anterior to the MF by a mechanism(s) utilizing the products of the hh and dpp genes.
Experimental Procedures
Fly Stocks roDoM was isolated in an X-ray screen designed for a different purpose and was kept because of its reduced eye phenotype. Based on cytological and molecular criteria, ro WM flies carry a T(2; 3) that breaks near the rough gene. Ethyl methansulfonate-induced revertant of roDoM results in a recessive rough phenotype. lmmunocytochemistry with a MAb against rough (Kimmel et al., 1990 ) revealed weak ectopic rough expression anterior to the MF and in the brain (data not shown). Bar, Drop, Lobe, eye gone, baP (now called hh'), and /n(ZL)t, /n(ZR~Cy, and Roiwere obtained from the Drosophila Stock Centers at Bloomington, Indiana, and Bowling Green, Ohio. Fly stocks carrying a construct in which the dpp enhancer is fused to lacZ (line BS3.0) were obtained from Ft. Blackman and W. Gelbart; insertions on either the second and third chromosome were used. The enhancer trap insertion in hh @NJ"3 was generated by U. Gaul, L. Higgins, and G. M. Ft. Flies were reared at 25%.
Generation
of Somatic Mosaics hs-ro Mosaics A second chromosome carrying a P[w+] element located at 30A and a P[hsro, ry+] element located at 288 was constructed using standard recombination schemes. Virgin females of genotype w-; P[hs-ro, ry+], P[w+]/CyO were mated to w-males. First instar larvae (24-48 hr old) were exposed X-rays (1000 rad). Wandering third instar larvae were subjected to 45 min heat shock treatments at 12 hr intervals for 2 days. Adult flies were screened for mosaic eyes. dpp Mosaics Second chromosomes carrying either dpphrSS, dpp2', or dpp", and an FRT element at 40Awere generated. Virgin females of genotype 40-w F were mated with males of genotype w-, 40-dppVCy0 males (for nomenclature of FLPlFRT chromosomes, see Xu and Rubin, 1993) . First instar larvae were subjected to a 60 min heat shock to induce the FLP recombinase. Adult eyes were screened for regions of w-/w-(dpp"'ldpp"') tissue. X-ray-induced clones were generated with alleles dpP7, dppHS7, dpp", and dppmlx; clones were recovered at very low frequencies (-0.1%).
All clones were relatively small and phenotypitally wild type (data not shown). hh Mosaics Third chromosomes carrying either /?h'3C (Jurgens et al., 1984) or hIfEz and an FRT element at 828 were constructed. Virgin females of genotype 82-w Fwere mated with males of genotype w ; 82-hh/TM3. Clones were induced in first instar larvae and recovered in adult eyes. Star Mosaics The chromosomes used to generate S/S clones have been described (Heberlein et al., 1993) . Alleles S*r8 and .Y5 were used with indistinguishable results. To analyze the expression of dpp-/acZ in S/S clones, virgin females of genotype 40-7 f were crossed to males of genotype w-; 40-S; P[dpp-/acZ]/+.
Clones were induced in first instar larvae and analyzed in wandering late third instar larvae. To analyze the expression of hh in S/S clones, virgin females of genotype 40-7 F were crossed to males of genotype w; 40-S; hNJ4Y+. Clones were induced in first instar larvae and analyzed in wandering late third instar larvae.
Histochemistry
and lmmunohistochemistry The expression of 6galactosidase in enhancer traps and /acZ constructs in imaginal discs was assayed by an activity stain using the substrate X-Gal (Simon et al., 1985) . Eye imaginal discs were immunostained with antibodies against scaand BP104asdescribed inTomlinson and Ready (1987a) . The polyclonal antibody against sea was a gift from N. Baker. Cobalt sulfide-stained eye discs were obtained as described by Wolff and Ready (1991 b) .
Histology and Scanning Electron Microscopy of Adult Heads Adult Drosophila heads were fixed and embedded in Durcapan resin essentially as described by Tomlinson and Ready (1987b) . Sections (2 pm) were mounted in DPX medium (Fluka) and viewed under phasecontrast optics. Samples for scanning electron microscopy were prepared as described by Kimmel et al. (1990) .
